Apigenin/radiosensitization/apoptosis/spheroid.
INTRODUCTION
Consumption of a diet rich in fruits and vegetables is associated with a reduced rate of cancer. 1) Several compounds involved in this cancer prevention effect have been identified. One class of these compounds that appears to be particularly important is the flavonoids. Flavonoids are a group of common phenolic plant pigments. Apigenin, one of the most common flavonoids, is present in many fruits, vegetables and plant-derived beverages. 2) Studies indicate that apigenin inhibits inflammatory reaction and carcinogenesis after exposure to chemical carcinogens or UV irradiation. 3, 4, 5) More recent studies indicate that apigenin induces growth inhibition, cell-cycle arrest, and apoptosis in human tumor cells including prostate cancer cells, 6) breast cancer cells, 7) and colon cancer cells. 8) In addition, apigenin has been found to selectively induce cell cycle arrest and apoptosis in human malignant cells. 6) These findings suggest that apigenin could be a useful chemopreventive and/or chemotherapeutic agent for use against human cancers. Recent reports indicate that some cancer-chemopreventive phytochemicals can function as chemosensitizers and/or radiosensitizers. 9) Under specific circumstances, apigenin is synergistic with chemotherapy agents. 10) Rijn and Berg 11) reported that apigenin caused an increase in radiationinduced cell death of rat hepatoma cells. They speculated that this enhanced cytotoxicity is due to decreased repair of DNA radiation damage, because this effect was only observed when apigenin was applied after irradiation treatment. However, the precise molecular targets of apigenin in its radiosensitizing effect are currently unknown. In the present study, we investigated the effect of apigenin on the radiosensitivity of a human lung carcinoma cell line. The present results show that apigenin significantly sensitized these cells to radiation-induced cell death. To elucidate the mechanism by which apigenin radiosensitizes these cells, we examined the effects of apigenin on the expression of p21 and Bcl-2 protein family. The results of these assays indicate that the mechanism of the radiosensitizing effect of apigenin involves inhibition of cancer cell growth (via upregulation of p21) and enhancement of radiation-induced apoptosis. We also examined the radiosensitizing effect of apigenin in multicell tumor spheroids. 12, 13) Human tumor cells were grown in vitro as spheroids, which developed an architecture and microenvironment very similar to those of in vivo solid tumors. Apigenin radiosensitized these tumor cells grown in spheroids, in a manner similar to their effect on monolayer cultures.
MATERIALS AND METHODS

Cell culture
The human lung squamous carcinoma cell line SQ-5 (RIKEN Cell Bank, Ibaraki, Japan) was maintained in alpha-MEM containing 10% fetal calf serum, 20 mM hydroxyethylpiperazine ethanesulfonate (HEPES), 8 mM HaHCO 3 , and penicillin/streptomycin. Cells were cultured in a humidified incubator at 37 ° C with a mixture of 98% air and 2% CO 2 . Apigenin was obtained from SIGMA Chemical Co. (St Louis, MO, USA). Stock solutions of apigenin were prepared in dimethyl sulfoxide (DMSO) at a concentration of 20 mM, and were mixed with medium to achieve the desired final concentration.
Irradiation
Cells were irradiated with 10 MV X-rays at a dose rate of approximately 4 Gy/min using a linear accelerator (Mitsubishi Medical Linac, Mitsubishi Electric CO., Tokyo, Japan).
Cell survival clonogenic assay
Cell survival was measured using a colony formation assay. 14) Briefly, 10 5 cells were inoculated into 25-cm 2 flasks, and were then incubated without apigenin for 24 h. Then, the cells were incubated for 16 h at 37 ° C with or without apigenin (40 µ M). Next, the cells were irradiated with X-rays (6 Gy), and were then incubated (with or without apigenin, respectively) for a further 8 h. Then, the cells were washed with Dulbecco's phosphate-buffered saline (PBS) and dispersed with 0.05% trypsin solution containing 0.02% ethylenediamine tetra-acetic acid (EDTA). Cells were counted and seeded in 60-mm dishes at various cell densities. These cells were incubated in a CO 2 incubator for 12 days to allow colony formation. The resultant colonies were stained with crystal violet dissolved in 20% methanol. Colonies containing more than 50 cells were scored as survivors. The enhancement factor was calculated, at a survival rate of 10%, by dividing the radiation dose of the control (apigenin-free) curve by that of the corresponding apigeninplus-radiation curve.
Assay for apoptosis and necrosis
To determine whether apigenin radiosensitizes SQ-5 cells by inducing apoptosis, we assayed for apoptosis and necrosis of cells using acridine orange (AO)/ethidium bromide (EB) double staining. Briefly, 10 5 cells were inoculated into 25-cm 2 flasks, and were then incubated without apigenin for 24 h. Then, the cells were incubated for 16 h at 37 ° C with or without apigenin (40 µ M). Next, the cells were irradiated with X-rays (6 Gy), and were then incubated (with or without apigenin, respectively) for a further 8 h. The medium was then removed and replaced with fresh apigenin-free medium, and the cells were incubated for a further 16 h. Then, both floating and attached cells were collected by centrifugation. The collected cells were stained with AO (100 µ g/ml; Wako, Osaka, Japan) and EB (100 µ g/ml; Wako). AO, which stains the nucleus through both intact and damaged membranes, emits green fluorescence. EB, which can only stain the nucleus through a damaged membrane, emits red fluorescence and predominates over AO. Thus, viable cells have a uniform bright green nucleus and orange cytoplasm. In an early apoptotic cell, the nucleus is still green, but chromatin condensation is visible in the form of bright green patches. A late apoptotic cell has bright orange areas of condensed chromatin in the nucleus, and a necrotic cell has a uniform bright orange nucleus. Viable, apoptotic and necrotic cells were counted under a fluorescence microscope. 15, 16) 
Western blotting
Because the Bcl-2 family of proteins regulates a distal step in the apoptosis pathway, we examined the effect of apigenin on the protein levels of Bcl-2 and Bax in SQ-5 cells. The kinase activity of the cyclin-dependent kinase (cdk)/ cyclin complex is regulated by cdk-inhibitory proteins such as WAF1/p21. We assessed the effect of apigenin treatment and/or X-irradiation on expression of WAF/p21, which regulates the entry of cells at the G 1 -to-S checkpoint. Briefly, 10 5 cells were inoculated into 25-cm 2 flasks, and were then incubated without apigenin for 24 h. Then, the cells were incubated for 16 h at 37 ° C with or without apigenin (40 µ M). Next, the cells were irradiated with X-rays (6 Gy), and were then incubated (with or without apigenin, respectively) for a further 8 h. The medium was then removed and replaced with fresh apigenin-free medium, and the cells were incubated for a further 16 h. Cells were then harvested and lysed in a cell lysis buffer (Cell Signaling Technology, Beverly, MA, USA) containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM β -glycerophosphate, 1 mM Na 3 VO 4 , 1 µ g/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride (PMSF). The lysed cells were then frozen and thawed 3 times. Cell extracts were cleared by centrifugation at 15,000 rpm for 10 min, and the resulting supernatants were stored at -80 ° C. The protein concentration was measured using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA). For Western blotting, 20-µ g protein samples were resolved on 12.5% polyacrylamide gels and transferred to polyvinylidene difluoride (PVDF) membranes. Target protein levels were measured using antibodies against WAF1/ p21 (Cell Signaling Technology), BCl-2, Bax (Santa Cruz Biotechnology, Santa Cruz, CA, USA), PARP, or actin (Chemicon International Inc., Temecula, CA, USA). Primary antibodies were detected using horseradish peroxidaseconjugated secondary antibody (Cell Signaling Technology) and the Enhanced Chemiluminescence (ECL) detection system (Amersham Bioscience Corp., Piscataway, NJ, USA). 
Spheroids
We constructed spheroids of SQ-5 cells using 96-well spheroid plates. SQ-5 cells were seeded onto 96-well spheroid plates (Sumitomo Baklite, Tokyo, Japan) at 5 × 10 4 cells/ well in 0.2 ml medium per well.
16) The cells were incubated for 24 h, and cell aggregates were then transferred to 60-mm dishes base-coated with 2% agar. The cell aggregates were incubated at 37 ° C in a CO 2 incubator for 2 days, and spheroids were then collected for use in the radiosensitization assay. The mean diameter of the spheroids used ranged from 200 to 300 µ m. Spheroids were incubated for 16 h at 37 ° C with or without apigenin (40 µ M). Next, the cells were irradiated with X-rays, and were then incubated (with or without apigenin, respectively) for a further 8 h. Then, spheroids were washed with Dulbecco's PBS and dispersed with 0.05% trypsin solution containing 0.02% EDTA. Cell survival was measured in the same way as monolayer cultures. Figure 1 shows the cell survival curves of actively growing SQ-5 cells exposed to X-rays with and without apigenin treatment. Apigenin enhanced the radiosensitivity of SQ-5 cells, with an enhancement factor of about 2.1. Figure 2A shows the percentages of apoptotic and necrotic cells 24 h after X-irradiation with and without apigenin treatment. For cells irradiated without apigenin treatment, the percentages of apoptosis and necrosis were approximately 1.9 and 10%, respectively. For cells irradiated with apigenin treatment, the percentage of apoptic cells markedly increased, to approximately 10.4%, whereas the percentage of necrotic cells did not markedly increase. Figure 2B shows the results of PARP cleavage analysis. In apigenin-treated cells, with and without X-ray irradiation, PARP protein was cleaved to yield an 85-kD fragment. Figure 3 shows the protein expression levels of Bcl-2 and Bax 24 h after X-irradiation. For cells irradiated without apigenin treatment, the protein expression level of Bcl-2 increased. For cells irradiated with apigenin treatment, Bcl-2 expression did not increase, and Bax expression remained essentially unchanged. Incubation with apigenin caused a marked increase in the protein expression of WAF1/p21, with and without X-irradiation (Fig. 4) .
RESULTS
Effect of apigenin on radiosensitivity of SQ-5 cells
Effect of apigenin on radiation-induced apoptosis and necrosis
Effect of apigenin on apoptosis and cell cycle regulatory protein expression
Effect of apigenin on radiosensitivity of SQ-5 cells grown as spheroids
To determine if apigenin enhances radiosensitivity of SQ- 5 spheroids, clonogenic survival assays were carried out. As with the monolayer cultures, apigenin potentiated the radiation response of SQ-5 cells grown as spheroids, (Fig. 5) . Enhancement factor measured at a survival rate of 10% was 1.5.
DISCUSSION
Recent evidence suggests that some plant polyphenols that prevent cancer enhance the efficacy of cancer therapeutics by modifying the activity of cell survival pathways. 17, 18) For example, curcumin, genistein and resveratrol are thought to exert anti-tumorigenic effects via inhibition of various cell survival mechanisms. Furthermore, these 3 plant polyphenols not only chemosensitize human tumor cells, but also radiosensitize them. 19, 20, 21) Apigenin, the most common flavonoid present in fruits and vegetables, has been shown to inhibit growth of human tumor cell lines, 22) mouse melanoma cell lines and tumors, 23) and human tumors implanted in athymic nude mice. 24) In addition, Gupta et al 6) demonstrated that apigenin selectively inhibits growth and induces apoptosis in human prostate carcinoma, but not normal cells. These findings led us to speculate that apigenin can radiosensitize human tumor cells. In the present study, apigenin sensitized SQ-5 cells to X-irradiation. In addition, combined treatment with radiation and apigenin induced a level of apoptosis that exceeded the sum of the levels of apoptosis caused by radiation alone and apigenin alone. This is consistent with the effects of apigenin and radiation on PARP cleavage. The level of necrosis induced by X-rays was not changed by incubation with apigenin. These present results suggest that apigenin sensitizes SQ-5 cells to radiation by inducing apoptosis.
Two principal pathways to apoptosis (the stress pathway and death-receptor pathway) have thus far been discovered.
25) The stress pathway is mediated by the release of cytochrome c from mitochondria into the cytosol, followed by activation of caspase-9 and -3. In the stress pathway, commitment to apoptosis in response to cytotoxic agents is governed by intracellular proteins of the Bcl-2 family. The pro-survival family (Bcl-2 and its homologues Bcl-X L and Bcl-w) and the pro-apoptotic protein Bax play important roles in arbitrating the life-or-death decision of cells. In the present study, 24 h after X-irradiation without apigenin treatment, Bcl-2 expression in SQ-5 cells was increased. When cells were treated with a combination of apigenin and Xirradiation, Bcl-2 expression was not increased, suggesting that apigenin inhibits X-ray-induced up-regulation of Bcl-2 in SQ-5 cells. These present results provide further evidence suggesting that apigenin potentiates the radiation response of SQ-5 cells by inducing apoptosis.
Cell cycle progression is regulated by activation or inhibition of phosphorylation of the cdk-cyclin complex, by small proteins such as WAF1/p21, which is a cyclin kinase inhibitor. Studies indicate that WAF1/p21 plays a role in the regulation of G 1 -to-S progression of cells. 26) Expression of WAF1/p21 is regulated at the transcriptional level by p53-dependent and -independent mechanisms. 27) It has been reported that p21 plays an essential role in growth arrest after DNA damage. 28) In the present study, expression of WAF1/p21 was markedly increased by apigenin treatment alone, but not by irradiation alone. The combination of apigenin treatment and X-irradiation also increased WAF1/p21 levels. Thus, the present results suggest that apigenin radiosensitizes SQ-5 cells by inducing apoptosis and growth inhibition via down-regulation of Bcl-2 and up-regulation of WAF1/p21. Multicellular tumor spheroids are aggregates of tumor cells, and resemble solid tumors in morphology and general behavior. 12) These characteristics make the spheroids useful as an in vitro tumor model not only for radiation studies but also for fundamental research in cell biology and cancer. 13, 16) In the present study, 40 µ M apigenin enhanced the radiosensitivity of SQ-5 cells (a human lung carcinoma cell line) grown as monolayer cultures or spheroids. This finding suggests that apigenin may be useful for treatment of radioresistant tumors, in which activation of the pro-survival signal plays a role in cell survival.
